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ABSTRACT
The focus of this project was to develop an apparatus that would aid in measuring
the bunch-length of an electron beam at the interaction point of the Stanford Linear
Collider (SLC) by utilizing the laser heterodyne technique. This technique involves the
superposition of two laser pulses of slightly different frequencies. As a result, a traveling
fringe pattern is created and a bunch-to-bunch variation of the Compton rate would be
introduced. The magnitude of this variation depends on the beat wavelength and on the
Fourier transform of the longitudinal bunch distribution.
The laser heterodyne technique is implemented by the addition of a 1-km long
optical fiber at the laser oscillator output. This produces a linearly chirped laser pulse
with approximately a 4.5-A line width and 60-ps full width half maximum (FWHM).
The pulse is amplified in a regenerative amplifier and tripled by two nonlinear crystals.
A Michelson interferometer is used to superimpose light at two different frequencies, to
create the fringe pattern. This method also utilizes a second interferometer in the farinfrared to monitor the spacing of the fringe.

The bunch-length is determined by

analyzing the measured variation of the Compton Rate as a function of the mirror
position in one of the interferometers.
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CHAPTER I
BACKGROUND OF THE STUDY

Introduction

Recently, many people have become interested in the calculation of the bunchlength of an electron beam. The development of an established procedure to aid in this
estimation will be of great importance to the next generation synchrotron light sources,
linear colliders, free-electron lasers, and high-intensity coherent far-infrared light sources.
Future developments of these products have made it paramount that the electron bunchlength be less than 0.1 ps, which is extremely difficult to measure with present
diagnostics.

Therefore, the development of a technique that enables one to measure
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subpicosecond pulses is important for future developments.
The bunch-length of an electron beam is also of great interest because of the
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changes in the linac rf phase due to anti-compression in the collider arcs, steering in the
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bunch compressor, and to longitudinal instabilities in the damping rings. A methodology
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for the measurement of the bunch-length is also beneficial because of the possible
correlation between bunch-length and luminosity.
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CHAPTER II
METHODOLOGY OF THE STUDY
Laser Heterodyne Technique

The focus of the summer project was to begin preliminary steps to develop a way
of monitoring and measuring the bunch-length of an electron beam. The project was
based on the idea of measuring the longitudinal distribution in the frequency domain.
This would be achieved by studying the Compton scattering of the electron beam off a
laser pulse with two different frequency components beating with one another.
. This procedure is called the laser heterodyne technique.

Two laser pulses of

slightly different frequencies are superimposed and this creates a traveling fringe pattern
•

(Shintak:e, p. 3).

As a result, a bunch-to-bunch variation of the Compton rate is
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introduced. The magnitude of the variation depends on the beat wavelength and on the
Fourier transform of the longitudinal distribution (Ibid., p. 3).
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The laser heterodyne technique is implemented by adding a 1-km long optical

f,

fiber at the laser oscillator output of the SLC laser-wire laser system, where a linearly
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chirped laser pulse is produced. The Michelson interferometer spatially overlaps two
split chirped pulses, which are temporarily shifted with respect to one another. This will
generate a quasi-sinusoidal adjustable fringe pattern.

CHAPTER III
CALCULATIONS

Measurment Principle

The methodology for this project was based on the laser heterodyne technique.
This particular technique involves two collinear laser pulses of a slightly varied frequency
that are superimposed in order to generate a non-stationary fringe pattern. The spacing
between the fringe maxima and minima is comparable to or larger than the actual bunch
length for sufficiently small beat frequencies (Ross, p. 1).
The Compton rate will vary from pulse to pulse if the phase between the fringe
pattern and beam is random. The depth of this variation, M, is calculated by using the
Fourier transform of the longitudinal profile:

M = N.ymax - N.ymin= Fco

Nymax+ Nymin

Fo

Where FO = rx'-oo f(t) dt, Ny, max (min) the maximum {minimum) Compton signal, and

2
2
2
F co =( Jf(t) cos cobt dt) + (f f(t) sin cobt dt)

and cob = co 1 - co 2 = co/"A (~A).

co 1 and co 2 represent the frequencies of the two

superimposed laser pulses, A is used to denote the average wavelength, and ~A is the
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difference in wavelength between the two pulses (Zimmerman, p. 2) .. The measurement
of the variation depth, M, at different beat frequencies

rob

and the Fourier transform can

be used to obtain the bunch spectrum.
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CHAPTERIV
THE LASER SYSTEM

YLF System

A neodymium laser, the most popular type of solid-state laser, was chosen for this
particular experiment. The crystalline material that was used with this laser was YLF
(YLF 4). YLF was chosen as the laser medium because of its reduced thermal lensing in

coml)arison to the Y AG (Y 2Al 5O 12 or yttrium aluminum garnet), a continuous wave,
mode-locked laser (Bado, p. 2). Since the thermal lensing in Nd:YLF is extremely weak,
it exhibits a strong natural birefringence.

This overcomes the thermally induced

birefringence (a principal source of loss in solid-state lasers with intercavity hard
polarizers) and eliminates the thermal depolarization problems that occur with optically
isotropic media such as YAG and glass. The combination of the following characteristics
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~

•·

makes Nd:YLF the appropriate choice for this experiment. Weak thermal lensing, large

..

fluorescence linewidth, and naturally polarized oscillation are the primary attributes of

I

this material. The continuous wave, mode locked laser, should have these characteristics
to complete this experiment. Its long fluorescence lifetime, approximately 480 µsec for a
1.5% neodymium concentration also makes this particular laser a good choice as a
regenerative amplifier.
Various studies by other scientists have shown that measurements of the
spectroscopic and physical properties ofNd:YLF indicate that this medium is more suited
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for the generation of short pulses.

Nd:YLF has been shown to oscillate at two

wavelengths, 1,047 and 1,053 µm. Nd:YLF also has a relatively large bandwidth (13.5
m) and has the capacity to deliver shorter pulses than the Nd:YAG laser. Table 1 shows a
comparison between the parameters of the Nd:YAG land Nd:YLF lasers.

Table 1
Nd:YLF
uniaxial
2%
6.3
W/m°C
1047.0
l.2mn
520 µs
1.470 (e)
1.448 (o)

Crystal Class
Doping Limit
Thermal Conductivity
Laser Wavelength (nm)
Linewidth
Radioactive Lifetime
Refractive Indices

Nd:YAG
cubic
1.6%
10.3
W/m°C
1064.2
0.6 run
255 µs
1.818

Table I shows a comparison between the attributes
of the Nd: YAG and the Nd: YLF lasers, the later
system is utilized for this experiment.

.
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The laser system for this experiment consists of a mode-locked 119 MHz, 150 ps
,,,,

pulse length, YLF oscillator seed laser, and a 'VLF regenerative amplifier. The amplified
Nd: YLF regenerative amplifier (RA) has the capability of reaching an energy of 9mJ in
approximately ten complete cycles. Each cycle has a repetition rate of 40 Hz.

The

regenerative amplifier boosts the seed pulse energy to the saturation limit in a number of
passes determined by the small signal gain and by the input pulse energy. The output
energy of the regenerative amplifier working in the saturation mode is governed by the
fluorescence lifetime and this makes the Nd:YLF a better choice than the Nd:YAG.

.,.
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In order to reach the smallest possible laser spot size at the interaction point, the
laser pulse frequency is tripled by using a doubling CD* A and a tripling KD*P crystal.
The final laser parameters are: 11,=350 nm, 150 ps FWHM, 2 mJ of pulse energy, and a 40
Hz repetition rate.
The system is converted into a bunch-length monitor by adding a 1-km long
optical fiber between the oscillator, regenerative amplifier, and a Michelson
interferometer after the harmonic generation.

The effect of gain narrowing in the

regenerative amplifier and of the nonlinear crystals on the bandwidth of the laser pulse
are taken into consideration (Siegman, p. 286).
The amplification process in the regenerative amplifier will have an effect on the
bandwidth of the oscillator laser pulse (Ross, p. 3). It will be a function of the number of
roundtrips in the regenerative amplifier.

In the frequency doubler and tripler, the

linewidth increases again by a factor of the square root of two. The final step of the
process involves the entrance of the electric field of the pulse into the Michelson
Interferometer. Figure 1 is a sketch of the laser system that will be utilized in this
experiment.
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The Laser System
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Figure 1

Schematic of laser system for measuring the bunchlength ofan electron beam.
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CHAPTERV
OPTICAL FIBERS & MICHELSON INTERFEROMETER

Optical Fiber

The bandwidth of a fiber determines the highest data rate it can support with
acceptable resolution. A fiber's bandwidth is limited by dispersion processes that can
cause spreading or smearing of transmitted pulses.
The original laser pulse that is produced by the mode-locked oscillator is 150 ps
long and has a linewidth of 0.1 A. However, the pulse can be lengthened to 210 ps as a
result of group-velocity dispersion. Self modulation in the optical fiber will increase the
linewidth to about 4.5 A. In the regenerative amplifier, the length of the chirped pulse is
reduced to 60 ps and the linewidth is decreased to about 3.5 A. These changes are due to
the gain narrowing. Gain narrowing at higher gains is important in reducing the useful
bandwidth of a high gain laser amplifier.
Self-focusing effects will be eliminated by the strong wave-guiding properties of
the optical fiber. In addition to this, the low losses and small area of the fiber will permit
strong self-phase modulation and dispersion effects to accumulate over the length of the
optical fiber. The energies at which this occurs are below those that could cause optical

-

damage. As a result, a chirped pulse is introduced due to the intensity of the input and
output pulses in the optical fiber.

"

The group-velocity dispersion parameter,

P",

changes from being positive at

shorter wavelengths or higher frequencies to negative at longer wavelengths. The pulsebroadening effects caused by group-velocity dispersion in optical fibers are also of great
importance in determining the maximum distance along which a pulse can propagate.
The lowest-loss region for optical fibers occurs when the dispersion has become
significantly negative somewhere in the near infrared region.
Michelson !interferometer

The Michelson interferometer consists of a beam splitter, a fixed and movable
mirror, and a detector. The beam splitter divides into two mirror arms when light enters
the Michelson interferometer.

The two rays of light are reflected from the mirrors,

recombined at the beam splitter, and sent into the detector.
In addition to the Michelson interferometer, there will be a bolometer. The output
of the interferometer is focused into a bolometer. The data taken from the experiment
will be displayed on the screen of an oscilloscope.

•

CHAPTER VI
RESULTS AND DISCUSSION
Project Development

The summer research that I participated in is part of an on-going research project
at Stanford Linear Accelerator Center. Throughout the summer, preliminary steps were
taken in the development of the project. I spent a great deal of time building a bolometer
for an existing schematic. This segment was almost complete with the exception of a
detector that will arrive in the near future.
I designed a mount for the movable mirror that would support a micrometer and
potentiometer. The drafting of this particular idea is complete and now needs to be sent
to a machinist to cut the pieces in the appropriate manner.
Some research was done on the fiber optic cable that would be used in the laser
system.

Hardware was gathered for this particular aspect of the research project.

However, we were unable to move forward with this part of the experiment due to
instability in the Nd:YLF laser system.
Future Work

Future work will include completion of the bolometer, development of the
Michelson interferometer, installation of a 1-km single-mode fiber optic cable, and
completion of mounts for the mirrors. Further impending work will also include
stabilizing the Nd: YLF laser system and alignment.

'
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Discussion

The purpose of trying to develop a laser-heterodyne bunch-length monitor at the
Stanford Linear Accelerator Laboratory is for its application as a diagnostic tool at the
Stanford Linear Collider (SLC) interaction point. The bunch-length is one of the least
controlled beam parameters at the SLC. Its specific function will be to facilitate linac RF
phasing and RTL tuning; support studies of final-focus wakefields and disruption
luminosity enhancement; and to be used as a calibration for a multi-channel RF bunchlength monitor which was recently installed in the SLC Final Focus .

•

CHAPTER VII
SUMMARY AND CONCLUSIONS

The bunch-length of an electron beam is also of great interest because of the
changes in the linac rf phase due to anti-compression in the collider arcs, steering in the
bunch compressor, and to longitudinal instabilities in the damping rings. As a result,
establishing a methodology for the measurement of the bunch-length is beneficial
because of the possible correlation between bunch-length and luminosity.
The calculation of the bunch-length of an electron beam and the development of
an established procedure to aid in this estimation will be of great importance to the next
generation synchrotron light sources, linear colliders, free-electron lasers, and highintensity coherent far-infrared light sources. The development of these type of products
for future applications have made it paramount that the electron bunch-length be less than
0.1 ps, which is extremely difficult to measure with present diagnostics.
Stanford Linear Accelerator Laboratory is interested in this particular research
project for its application as a diagnostic tool at the Stanford Linear Collider (SLC)
interaction point. The bunch-length is one of the least controlled beam parameters at the
SLC. Its specific function will be to facilitate linac RF phasing and RTL tuning; support
studies of final-focus wakefields and disruption luminosity enhancement; and to be used
as a calibration for a multi-channel RF bunch-length monitor which was recently installed
in the SLC Final Focus.

The estimated time range of the project development is

'
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approximately five years. As a result, there is limited information on the specifics of this
program due to the area of research and the uncertainty of success to the technique being
utilized in developing a bunch-length monitor.
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